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Abstract The response of the Madden-Julian oscillation (MJO) to ocean feedbacks is studied with
coupled and uncoupled simulations of four general circulation models (GCMs). Monthly mean sea surface
temperature (SST) from each coupled model is prescribed to its respective uncoupled simulation, to ensure
identical SST mean-state and low-frequency variability between simulation pairs. Consistent with previous
studies, coupling improves each model's ability to propagate MJO convection beyond the Maritime
Continent. Analysis of the MJO moist static energy budget reveals that improved MJO eastward
propagation in all four coupled models arises from enhanced meridional advection of column water vapor
(CWV). Despite the identical mean-state SST in each coupled and uncoupled simulation pair, coupling
increases mean-state CWV near the equator, sharpening equatorward moisture gradients and enhancing
meridional moisture advection and MJO propagation. CWV composites during MJO and non-MJO periods
demonstrate that the MJO itself does not cause enhanced moisture gradients. Instead, analysis of low-level
subgrid-scale moistening conditioned by rainfall rate (R) and SST anomaly reveals that coupling enhances
low-level convective moistening for R > 5 mm day−1; this enhancement is most prominent near the
equator. The low-level moistening process varies among the four models, which we interpret in terms of
their ocean model configurations, cumulus parameterizations, and sensitivities of convection to column
relative humidity.

1. Introduction
The importance of ocean feedbacks to the Madden-Julian oscillation (MJO; Madden & Julian, 1972) has
been a focus of inquiry for decades (DeMott et al., 2015). While consensus thinking holds that the MJO is
primarily an atmospheric phenomenon, its sensitivity to sea surface temperature (SST)-driven surface flux
feedbacks is supported by observational (DeMott et al., 2016; Riley Dellaripa & Maloney, 2015), theoretical
(Wang & Xie, 1998), and modeling studies (e.g., Klingaman & Woolnough, 2014; Seo et al., 2007; Zhang &
McPhaden, 2000, and others). Understanding how, and the degree to which, these feedbacks influence MJO
intensity or propagation is fraught with challenges. For example, the observed MJO always develops in a
coupled environment, yet the nature of ocean feedbacks to the MJO vary from one event to the next (Fu
et al., 2015; Gottschalck et al., 2013; Moum et al., 2016). In models, coupling changes MJO surface fluxes,
which initiates changes to the entire MJO, affecting the balance of atmospheric processes that dominate MJO
maintenance and propagation (e.g., DeMott et al., 2014; Klingaman & Woolnough, 2014). SST-driven surface
fluxes may affect the MJO through any of a variety of processes that influence both the background state and
the intraseasonal convection throughout the MJO life cycle. Modeling studies focused on understanding
the role of coupling within the MJO are hampered by different mean-state biases in coupled and uncoupled
simulations that themselves affect the MJO (Klingaman & Woolnough, 2014; Slingo et al., 1996; Sperber
et al., 2005; Zhang et al., 2006) and complicate the interpretation of ocean feedbacks.

One way to minimize complications from mean-state differences between coupled and atmosphere-only
general circulation models (CGCMs and AGCMs, respectively) is to prescribe temporally smoothed SSTs
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from the CGCM to the AGCM. While this approach allows a cleaner comparison of intraseasonal vari-
ability in CGCM and AGCM simulations, CGCM mean-state SST biases present in both the coupled and
uncoupled simulations may affect MJO propagation in a manner different than observed. CGCM mean-state
biases can be mitigated by replacing the three-dimensional (3-D) dynamical ocean in the CGCM with either
a single-layer “slab” ocean (Benedict & Randall, 2011; Maloney & Sobel, 2004; Marshall et al., 2008; Waliser
et al., 1999; Watterson, 2002) or a multilayer, one-dimensional (1-D) ocean mixed layer (Klingaman &
Woolnough, 2014; Tseng et al., 2015). With these approaches, SST can respond to atmospheric forcing, but
mean SST is constrained to the observed climatology via surface flux adjustments (for the slab ocean) or sea-
sonally varying salt and heat advection (for the mixed layer). However, slab- and mixed layer-coupled GCMs
exclude ocean dynamic feedbacks that may influence intraseasonal SST perturbations (Harrison & Vecchi,
2001; Halkides et al., 2015; McPhaden & Foltz, 2013; Moum et al., 2013; Saji et al., 2006; Seiki et al., 2013).

Many experiments with CGCMs and AGCMs with the same SST climatology have demonstrated that cou-
pling improves several aspects of the simulated MJO, including its amplitude, periodicity, propagation, and
prediction (see DeMott et al., 2015, Section 5 for a full review). Improved phasing of SST, surface fluxes,
and MJO convection are often cited as reasons for these improvements (e.g., Marshall et al., 2008; Pegion &
Kirtman, 2008), but changes to MJO circulation (Zhang et al., 2006), including stronger free tropospheric
wind anomalies (DeMott et al., 2014; Watterson, 2002), and enhanced boundary layer frictional convergence
ahead of MJO convection (Benedict & Randall, 2011; Fu et al., 2015; Kemball-Cook et al., 2002) have also
been noted.

Many of these CGCM-AGCM studies predate important advances in understanding and diagnosing the pro-
cesses that regulate MJO activity. For example, the moist static energy (MSE) budget (Andersen & Kuang,
2012; Maloney, 2009) provides a framework to assess processes that contribute to MJO maintenance and
propagation, including the relative roles of intraseasonal SST variations on MJO surface fluxes (DeMott et al.,
2016; Maloney & Sobel, 2004); the effects of suppressed-phase conditions on subsequent MJO propagation
(Kim et al., 2014); the importance of cloud-radiative feedbacks for destabilizing and maintaining MJO con-
vection (Andersen & Kuang, 2012; Arnold & Randall, 2015); the role of background moisture gradients on
MJO moistening tendencies (DeMott et al., 2018; Gonzalez & Jiang, 2017; Kim et al., 2017); and SST-driven
amplification of boundary layer frictional convergence east of MJO convection (Benedict & Randall, 2011;
Hsu & Li, 2012; Wang & Seo, 2009; Wang et al., 2017).

We revisit the role of ocean coupling for the MJO using CGCM and AGCM simulations of four GCMs.
Mean-state differences between each pair of simulations are reduced by prescribing monthly mean or 31-day
running mean SST from the CGCM (rather than observed SSTs) to the AGCM. We seek to determine if the
models share a fundamental ocean feedback that improves MJO simulation or if each model relies upon
its own unique coupled feedback mechanism to improve its MJO simulation. Our paper is organized as
follows: Models and reanalysis products are described in section 2. MJO skill metrics and MSE budgets anal-
yses are summarized in section 3. In section 4, we compare mean column water vapor (CWV) during MJO
and non-MJO periods to determine the effect of the MJO on the meridional CWV distribution in CGCMs.
In section 5, we propose that the CWV changes with coupling can be understood by considering convective
moistening conditioned by rainfall rate and SSTA. In section 6, we discuss how each model's particular com-
bination of cumulus parameterization and ocean vertical resolution may lead to moistening characteristics
that favor MJO propagation. A summary and suggestions for future research are provided in section 7.

2. Methods
Here, we describe the models used in this study and introduce the MSE and moisture budgets. Metrics to
quantify MJO simulation fidelity (i.e., its accuracy or realism), structure, and circulations are described in
section 3.2.

2.1. Models and Data
The four models used in this study are the Super-Parameterized Community Atmospheric Model
(Version 3) (SPCAM3; Khairoutdinov et al., 2005), the Global Ocean Mixed Layer configuration of Met
Office Unified Model (MetUM; Walters et al., 2011; Hirons et al., 2015), the Max Plank Institute's
European Centre-Hamburg (ECHAM, v6; Stevens et al., 2013), and the Centre National de Recherches
Météorologiques (CNRM; Voldoire et al., 2012). SPCAM3 and CNRM are coupled to a 3-D ocean model,
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Figure 1. November–April mean-state SST (a–d) and CWV (e–h) biases and coupled-uncoupled mean-state CWV differences (i–l) for the four models analyzed.
Overlaid boxes are averaging regions used to compute (i) zonal, (j) MJO “detour” region, and (k) meridional CWV differences (section 3.2).

while MetUM and ECHAM are coupled to many columns of a 1-D ocean mixed layer model. For the lat-
ter, oceanic salt and heat tendency profiles are prescribed to minimize mean-state SST biases (see Hirons
et al., 2015 for details for MetUM). The one-column ocean model in ECHAM5-CPL describes changes in
temperature, momentum, salinity, and turbulent kinetic energy driven by vertical fluxes parameterized
using the classical K approach [Tseng et. al., 2015]. No such corrections are applied to coupled simulations
with SPCAM3 and CNRM. November–April mean SST biases for each model are shown in the left column
of Figure 1. In an area-averaged sense, magnitudes of the CWV biases generally reflect the magnitudes of
the SST biases (middle column of Figure 1). The right column of Figure 1 is discussed in section 3.2.

Each CGCM is integrated for 20–25 years. Monthly mean (SPCAM3 and CNRM) or 31-day running mean
(MetUM and ECHAM) SST time series from each CGCM are prescribed to its respective AGCM. This ensures
that the CGCM and AGCM have identical SST mean-state and low-frequency variability; only SST variability
on frequencies higher than 31 days is absent in the AGCMs. Removal of high-frequency SST variability
from the AGCM may affect our results, but including this variability by prescribing daily mean SST to the
AGCM, for example, is known to unrealistically alter the phasing of rainfall and SST (e.g., Pegion & Kirtman,

Table 1
Atmospheric and Oceanic Model Descriptions and Resolution

Coupled, uncoupled simulation Atmosphere Ocean (for coupled)
SPCAM3-CPL SPCAM3-ATM Super-Parameterized Community

Atmospheric Model (v3);
≈ 2.5◦ × 1.8◦ (Khairoutdinov
et al., 2005; Stan et al., 2010)

3-D Parallel Ocean Program Version 1.4.3;
≈ 3◦ resolution near equator (POP; Smith &
Gent, 2002)

MetUM-CPL MetUM-ATM UK Met Office Unified Model;
≈ 1.9◦ × 1.25◦ (GA3; Walters
et al., 2011)

1-D Global K Profile Parameterization ocean
mixed layer; same resolution as atmosphere
(Large et al., 1994; Hirons et al., 2015)

ECHAM-CPL ECHAM-ATM ECHAM (v5); ≈ 1.8◦ × 1.8◦
(Stevens et al., 2013)

1-D Snow-Ice-Thermocline (SIT); same
resolution as atmosphere (Tseng et al., 2015)

CNRM-CPL CNRM-ATM CNRM (v5.2); ≈ 1.4◦ × 1.4◦
(Voldoire et al., 2012)

3-D NEMO; ≈ 1◦ resolution near equator
(Madec, 2008)
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2008; DeMott et al., 2015). The four CGCMs are denoted as SPCAM3-CPL, MetUM-CPL, ECHAM-CPL,
and CNRM-CPL, while their AGCM counterparts are SPCAM3-ATM, MetUM-ATM, ECHAM-ATM, and
CNRM-ATM, respectively. Model descriptions and references are summarized in Table 1.

Results from all simulations are compared to daily mean data from the European Centre for Medium
Range Weather Forecasts Interim Reanalysis (ERAI; Dee et al., 2011) on a 2.5◦ × 2.5◦ grid for 1986–2013
(Dee et al., 2011).

2.2. Analysis Methods
Processes responsible for the maintenance and propagation of MJO convection are assessed with the aid of
the MSE budget:

𝜕⟨m⟩∕𝜕t = −⟨V · ∇m⟩ − ⟨𝜔𝜕m∕𝜕p⟩ + ⟨LW⟩ + ⟨SW⟩ + LH + SH (1)

where m is the MSE, defined as m = CpT + Lvq + gz (J kg−1), T is temperature (K), q is specific humidity
(kg kg−1), z is height (m), V is the horizontal wind (m s−1), 𝜔 is the vertical pressure velocity (Pa s−1), LH
and SH are surface latent and sensible heat fluxes (W m−2), respectively, and LW and SW are longwave
and shortwave radiative heating (K s−1). Angled brackets denote integration from the surface to 100 mb,
yielding units of W m−2 for all terms. From left to right, terms on the right-hand side of equation (1) are
MSE horizontal and vertical advection, column-integrated longwave and shortwave radiative heating, and
surface latent and sensible heat fluxes.

In the tropics, MSE tendencies are largely driven by moisture tendencies, as the weak Coriolis force enables
rapid dissipation of temperature and density anomalies via gravity waves. Compared to moisture budgets,
MSE budgets are useful for understanding tropical convective variability because rainfall and MSE are highly
correlated, MSE is conserved during diabatic phase changes (eliminating the need to accurately observe
rainfall), and the column MSE budget includes radiative and surface sensible heat fluxes. MSE budget anal-
ysis is a standard tool to assess processes responsible for MJO maintenance and propagation (e.g., Maloney,
2009; Andersen & Kuang, 2012).

Each term in equation (1) is computed using daily mean input variables; its anomaly is computed as the
difference between the daily mean value and the slowly varying “background” state, which is obtained by
applying a low-pass filter with a 100-day cutoff to the daily mean time series. This partitions subseasonal and
higher-frequency variability into the anomaly time series and seasonal and lower-frequency variability into
the background-state time series. SST and other state variables are partitioned the same way. Intraseasonal
rainfall anomalies are obtained with a 20- to 100-day 201-point Lanczos filter.

We also computed daily mean, vertically resolved moisture budget terms and the moisture budget residual,
which is the apparent moisture sink (Q2; Yanai et al., 1973):

Q2∕Lv = −[𝜕q∕𝜕t + ∇ · (qV) + 𝜕(q𝜔)∕𝜕p] = (c − e) + 𝜕(q′w′)∕𝜕p (2)

where q is the specific humidity, c and e are the condensation and evaporation of water vapor, respectively,
and 𝜕(q′w′)∕𝜕p is the unresolved vertical eddy flux of water vapor. When written as −Q2∕Lv (kg kg−1 s−1),
positive values of the budget residual represent unresolved moistening by convection (section 5). For ERAI,
−Q2∕Lv also includes moistening from data assimilation increments.

3. MJO Simulation Assessment
3.1. MJO Propagation and MSE Budget Overview
MJO propagation in ERAI and the eight simulations is illustrated with rainfall lagged-regression plots
(Figure 2). ERAI and the coupled simulations (left column) show coherent propagation across the Indian
Ocean and Maritime Continent. Robust propagation continues to about 165◦E in ERAI, SPCAM3-CPL, and
CNRM-CPL, while weaker propagation is observed in MetUM-CPL and ECHAM-CPL. The 20- to 100-day
rainfall standard deviation (R) for each CGCM is larger than that in ERAI. Some of this difference may
be a reflection of suspected “missing” rainfall processes in ERAI, as indicated by less frequent heavy rain-
fall rates compared to satellite-derived rainfall products (e.g., Adames et al., 2017). R in AGCMs (right
column) is reduced in all models but ECHAM-ATM, an indication that improved MJO fidelity with cou-
pling is not uniformly linked to enhanced intraseasonal heating variability. AGCMs produce westward
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Figure 2. Lag regression of November–April 15◦S to 15◦N averaged rainfall anomalies onto 20- to 100-day filtered
rainfall at a 90◦E basepoint (80–100◦E and 15◦S to 15◦N area average). Coupled (uncoupled) systems are plotted in the
left (right) column. The 20- to 100-day basepoint rainfall standard deviation (R), and the average pattern correlation for
90◦E and 150◦E basepoints (r; see text for details) are listed on each panel. Units for R and contoured values are
mm day−1. Stippling denotes significance at the 95% confidence interval.

propagating (SPCAM3-ATM), stationary (MetUM-ATM), or weakly eastward propagating (ECHAM-ATM
and CNRM-ATM) disturbances. MJO propagation fidelity is assessed using a method adapted from
Jiang et al. (2015): The MJO “pattern correlation” metric, r, is the correlation between the rainfall
lagged-regression diagram for each model (Figures 2b–2i) with the ERAI lagged-regression diagram
(Figure 2a). Correlations are computed for regressions against 90◦E and 150◦E basepoints (not shown) and
averaged. Rainfall within ±15◦ longitude of each basepoint is omitted since it unfavorably weights the result
by MJO periodicity, rather than by MJO propagation (c.f., Wang et al., 2017).

Figure 3 presents CGCM MSE component contributions (equation (1)) to MSE maintenance (Figure 3a)
and tendency (Figure 3b) integrated over the MJO life cycle and the Warm Pool. Following DeMott
et al. (2016), these contributions were computed by regressing individual MSE component anomalies onto
November–April 20- to 100-day filtered MSE and its tendency, respectively, at each grid point. Regression
coefficients are averaged from 15◦S to 15◦N and 30◦E to 240◦E to include the Warm Pool and regions farther
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Figure 3. November–April area-averaged (15◦S to 15◦N; 30◦–240◦E)
covariability of MSE budget terms (equation (1)) with 20- to 100-day filtered
(a) ⟨m⟩ and (b) ⟨ 𝜕m

𝜕t ⟩.

east affected by MJO circulation anomalies (results are similar for a 180◦E
eastern boundary). Figure 3 combines ⟨LW⟩ and ⟨SW⟩ and LH and SH;
the second term in each pair is an order of magnitude smaller than the
first. Consistent with many previous studies (Andersen & Kuang, 2012;
DeMott et al., 2016; Kiranmayi & Maloney, 2011), MSE anomalies are
principally maintained by ⟨LW⟩. MSE vertical advection (⟨−𝜔𝜕m

𝜕p
⟩; VADV)

and surface fluxes are both MSE sinks (SPCAM3-CPL is an exception,
where vertical advection is small source term). The MSE tendency, which
maximizes to the east of MJO convection and contributes to its east-
ward propagation, is dominated by horizontal MSE advection (⟨−V ·∇m⟩;
HADV), with minor contributions from ⟨−𝜔𝜕m

𝜕p
⟩. From this area- and life

cycle-averaged perspective, surface fluxes do not significantly contribute
to MJO maintenance or propagation.

This raises an important question: How can ocean feedbacks—which
are communicated to the atmosphere through SST-modulated surface
fluxes—so distinctly improve the fidelity of the simulated MJO? DeMott
et al. (2016) analyzed the spatial structure of SST-modulated surface flux
contributions to the MJO with ERAI data and found that direct ocean
feedbacks account for up to 1–2% of MSE maintenance near the equa-
tor and ≈10% of MSE tendency across the Warm Pool. We obtained
similar results for the CGCMs (not shown). Based on these findings,
it seems unlikely that direct ocean feedbacks to MJO convection or its
tendency can explain the improved MJO propagation in the coupled
simulations. Instead, coupled surface fluxes most likely affect MJO propa-
gation through more indirect feedbacks, such as altering the atmospheric
stability profile to strengthen the circulation response to MJO heating, or
by changing mean-state conditions.

3.2. MJO and Process Metrics
To better understand how coupling affects the MJO, we computed a variety of metrics of MJO propaga-
tion, period, circulation structure, and mean state and compared how these metrics change with coupling.
Here, we define each metric and its shorthand name, which is later referenced in Figure 5. MJO propa-
gation is assessed with the aforementioned pattern correlation (“Pattern Corr.”). Another measure of MJO
propagation is the east-west power ratio, which is the ratio of rainfall variance for eastward and westward
propagating zonal Wave Numbers 1–3 and periods 30–60 days (“EW ratio”; Jiang et al., 2015). MJO period
is defined as twice the number of days between the maximum and minimum lagged autocorrelation of
20- to 100-day filtered 90◦E rainfall (“Period”).

MJO circulation metrics are computed with the aid of maps of anomalous 850-hPa zonal winds
(Figures 4a–4e), ⟨LW⟩ (Figures 4f–4j), and 850-hPa vertical moisture advection (Figures 4k–4o) regressed
onto 20- to 100-day band-pass-filtered 90◦E rainfall. MJO-associated zonal wind anomalies show an elon-
gated region of low-level easterlies to the east and a more truncated region of low-level westerlies to the
west. The low-level easterlies arise from the Kelvin wave response to Indian Ocean convective heating (Gill,
1980) and the equatorial Rossby wave response to Maritime Continent and West Pacific longwave cooling
(Kim et al., 2012). The low-level westerlies are part of the equatorially symmetric Rossby wave response to
positive Indian Ocean heating. The magnitudes of the Kelvin wave easterlies (“KW wind”) and Rossby wave
westerlies (“ER wind”) are the maximum 5◦N to 5◦S averaged easterly and westerly wind anomalies. Their
ratio (“KW/ER ratio”) is positively correlated with MJO propagation fidelity (Wang et al., 2018). A “dry
phase intensity” index, defined as anomalous longwave cooling < −1 (W m−2)/(mm day−1) integrated from
20◦S to 20◦N and 100–210◦E (the “Dry Phase” metric), measures the strength of longwave cooling that ini-
tiates poleward flow east of MJO convection as part of the anticyclonic Rossby gyre response to the negative
heating anomaly (Kim et al., 2012). The 850-hPa vertical moisture advection, −𝜔𝜕q

𝜕p
|850, averaged over 5◦S

to 5◦N and 110–180◦E (the “BL export” metric) measures low-level convergence-driven export of moisture
from the boundary layer to the free troposphere, which may be critical to MJO propagation (e.g., Hsu & Li,
2012; Wang et al., 2018).
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Figure 4. Anomalous 850-hPa zonal wind (a–e), vertically integrated longwave heating (f–j), and 850-hPa vertical moisture advection (k–o) regressed onto
20- to 100-day filtered rainfall for a 90◦E basepoint (i.e., the 80–100◦E; 15–15◦E area average). Units listed in each panel are per 1 mm day−1 of basepoint
rainfall. Results for coupled (uncoupled) systems are shaded (contoured; interval as in shaded field). Shaded regions correspond to significance at the 95%
confidence interval over most of the domain. Red (blue) contours in (a)–(j) are positive (negative) SST contours (units [0.1 K]/[mm day−1]). Magenta boxes
denote averaging regions used to compute MJO metrics (see text and Figure 5).

MJO propagation is critically sensitive to mean-state moisture gradients, which regulate horizontal moisture
advection by MJO wind anomalies (DeMott et al., 2018; Gonzalez & Jiang, 2017; Kim et al., 2012; Kim et al.,
2017; Lim et al., 2018). November–April mean CWV for ERAI and CGCMs and the averaging regions used
to compute moisture gradient metrics are shown in Figures 1i–1k. The Warm Pool zonal moisture gradient
(“dCWV/dx (WP)”) is the difference between CWV averaged over the Maritime Continent (10◦S to 10◦N;
110–130◦E) and the central Indian Ocean (10◦S to 10◦N; 60–80◦E). We also compute the zonal moisture gra-
dient in the MJO “detour” region (Kim et al., 2017) as the difference between area-averaged CWV north of
Australia (20–10◦S; 120–135◦E) and south of Sumatra (20–10◦S; 105–120◦E (the “dCWV/dx (Aus)” metric).
Northern (“dCWV/dy (nIO)”) and southern (“dCWV/dy (sIO)”) meridional moisture gradients are com-
puted as the area-averaged CWV difference between the November–April “moisture equator” (10◦S to 0◦N;
40–120◦E) and (0–10◦N; 40–120◦E) and (20–10◦S; 40–120◦E), respectively. Northern and southern gradients
are averaged to yield the mean equatorward moisture gradient (“dCWV/dy (IO)”).

3.3. Changes to MJO Metrics With Coupling
The effects of coupled feedbacks on the above MJO metrics and MSE budget term contributions to MJO
maintenance and propagation are summarized in Figure 5. Changes to metrics that characterize MJO propa-
gation, circulation, intensity, and period are plotted in Figure 5a as the coupled minus uncoupled percentage
difference (i.e., ΔM = 100 · (MCPL − MATM)∕MATM , where subscripts “CPL” and “ATM” refer to CGCM and
AGCM metrics, respectively). As previously noted, coupling does not uniformly increase intraseasonal rain-
fall variability. Similarly, coupling increases MJO period in some CGCMs and reduces it in others. The MJO
pattern correlation, east-west power ratio, KW/ER asymmetry, and dry phase intensity metrics all increase
with coupling and are significantly correlated with one another, as shown in Table 2. This suggests that
these indices should be thought of as MJO metrics, which characterize MJO fidelity, rather than as process
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Figure 5. CGCM-minus-AGCM differences for (a) MJO descriptive metrics, (b) mean-state CWV gradients, (c) MSE
maintenance, and (d) MSE tendency by MSE budget terms (equation (1)). Same-signed changes across all four models
are denoted with gray background stripes. Changes that differ according to ocean model (i.e., 3-D or 1-D) are denoted
with yellow background stripes. Significance at the 90% and 95% confidence levels are denoted with small and large
open circles, respectively, while × indicates differences that are not significant. For a) and b), significance was assessed
with a Student's t test based on multiple 3- and 1-year data subsets, respectively. In (c) and (d), significance was tested
with a Student's t test based on the area-averaged regression coefficients for the domain plotted in Figure 4.

metrics, which measure the magnitude of processes that maintain or propagate MJO convection. For exam-
ple, consider the case of widespread subsidence east of MJO convection. Chen and Wang (2018) report that
the western part of the subsiding region arises from compensating subsidence driven by upper-level diver-
gence associated with Indian Ocean MJO convection, while the eastern part of the subsiding region arises
from wake subsidence from the previous MJO event. The dry phase intensity metric, then, is an MJO met-
ric because it combines measures of MJO propagation and upper-level circulation. The low-level poleward
flow associated with the dry phase advects mean-state moisture poleward, which is characterized using the
meridional advection process metric.

Zonal mean-state moisture gradients that promote MJO propagation do not uniformly increase with cou-
pling (dCWV/dx (WP) and dCWV/dx Aus; Figure 5b). Meridional mean-state moisture gradients, however,
uniformly increase with coupling and many of these increases are statistically significant. This unexpected
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Table 2
Correlations Between MJO Skill and Descriptor Metric Across ERAI and the Eight Simulations

Metric Pattern Corr. EW ratio Period Rain Amp. KW/ER ratio KWmax ERmax Dry Phase BL exp.
Pattern Corr. — 0.66 0.35 −0.30 0.92 0.74 −0.11 0.79 0.25
EW ratio 0.66 — 0.62 0.21 0.75 0.79 0.13 0.33 0.23
Period 0.35 0.62 — 0.07 0.53 0.69 0.57 −0.09 −0.09
Rain Amp. −0.30 0.21 0.07 — −0.21 0.28 −0.39 −0.45 −0.37
KW/ER ratio 0.92 0.75 0.53 −0.21 — 0.84 0.02 0.63 0.26
KWmax 0.74 0.79 0.69 −0.28 0.84 — 0.49 0.57 0.51
ERmax −0.12 0.13 0.57 −0.39 0.02 −0.49 — −0.13 0.30
Dry Phase 0.79 0.33 −0.09 −0.45 −0.63 0.57 −0.13 — 0.65
BL exp. 0.25 0.23 −0.09 −0.37 0.26 −0.51 0.30 0.65 —

Note. Significance at the 95% (90%) confidence interval is shown in bold (italicized bold) text. Metrics are defined in
sections 3.1 and 3.2.

result warrants further consideration. Conventional wisdom holds that constraining CGCM and AGCM sim-
ulations of the same model to the same mean-state SST effectively eliminates mean-state CWV differences
that affect MJO propagation (e.g., Klingaman & Woolnough, 2014). Instead, our results demonstrate that,
despite no change in SST climatology and low-frequency variability, coupled feedbacks consistently yield
mean-state CWV patterns that favor MJO propagation (Figures 1i–1l). Higher-frequency ocean-atmosphere
interactions (i.e., 30 days or shorter timescales) adjust, or rectify onto, the mean-state moisture distribution
to favor MJO propagation. This is the result of an asymmetry or nonlinearity of moistening processes for pos-
itive and negative SST anomalies in coupled models that yield a “rectified” nonzero net moistening. For the
atmosphere, the “rectifier effect” can be seen as the net effect of a short or small scale process on a longer
or larger scale process (e.g., Denning et al., 1999; Kessler & Kleeman, 2000; Shinoda & Hendon, 2002).

How do coupled feedbacks affect maintenance or propagation of intraseasonal MSE anomalies? Coupled
minus uncoupled projections of MSE budget terms (equation (1)) onto 20- to 100-day filtered ⟨m⟩ and 𝜕⟨m⟩

𝜕t
are shown in Figures 5c and 5d, respectively. Note that, in contrast to the relative differences plotted in
Figure 5a, coupled minus uncoupled MSE projections are plotted as absolute differences. We find that cou-
pling has no consistent effect on ⟨m⟩ maintenance and that the effect of coupling on ⟨m⟩ maintenance by
vertical MSE advection (⟨−𝜔𝜕m

𝜕p
⟩; VADV) and surface fluxes may be sensitive to whether the AGCM is cou-

pled to a 3-D or 1-D ocean (i.e., yellow bars in Figure 5c). We elaborate on these differences in section 6.
Changes in processes that support 𝜕⟨m⟩

𝜕t
lend further weight to the argument that mean-state moisture gradi-

ent changes improve MJO propagation in the CGCMs. Horizontal moisture advection (⟨−V · ∇m⟩; HADV)
significantly enhances 𝜕⟨m⟩

𝜕t
and MJO propagation in all coupled simulations. By decomposing the advec-

tion term into its zonal (⟨−u 𝜕m
𝜕x
⟩; u-HADV) and meridional (⟨−v 𝜕m

𝜕𝑦
⟩; v-HADV) components, it is clear that

enhanced meridional MSE advection is the common process responsible for enhanced MJO propagation in
the CGCMs. Furthermore, close inspection of Figure 5d reveals that meridional MSE advection increases are
larger than increases in nearly all other terms. The sole exception is vertical MSE advection in SPCAM3-CPL.
We consider this difference further in section 6. Coupling uniformly reduces surface flux contributions to
MSE tendency, thereby inhibiting, rather than encouraging, MJO eastward propagation. The combination
of mean-state low-level westerlies and stronger MJO-associated low-level easterlies in CGCMs reduces the
total wind speed and surface fluxes east of MJO convection in CGCMs.

4. Cause or Effect: MJO and Mean-State Moisture
The above analysis demonstrates the connection between improved MJO propagation and sharpened merid-
ional moisture gradients in CGCMs but does not provide any insight into causality. It is possible that
coupled feedbacks alter MJO convection and circulations to enhance the equatorward CWV gradients, so
that sharpened meridional moisture gradients are a consequence, rather than a cause, of improved MJO
propagation.

To test this hypothesis, we used a version of the Real-time Multivariate MJO (RMM) indices (Wheeler
& Hendon, 2004) adapted for climate-length simulations (Madden-Julian Oscillation Working Group,
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Figure 6. November–April CWV differences for CGCM MJO periods (RMM > 1) and non-MJO periods (RMM < 1) (shading; shaded values correspond
to 95% or greater significance over most of domain) and CGCM-minus-AGCM CWV differences (contours; negative values dashed and zero contour omitted;
95% significance stippled). Shading and contours are plotted with the same contour interval. CGCM MJO minus non-MJO CWV differences for unfiltered
(100-day high-pass filtered) input are plotted on the left (right). Pattern correlations for Indian Ocean and western Pacific Ocean regions (magenta boxes in
panel a; rIO and rWP, respectively) are listed on each panel.

C., 2009) to identify MJO and non-MJO periods. The RMM indices are obtained through the multivariate
empirical orthogonal function (EOF) decomposition of 20- to 100-day filtered outgoing longwave radiation
and zonal wind at 200 and 850 hPa. The two leading EOFs capture the eastward propagating MJO; their
principal component (PC) time series can quantify MJO phase and amplitude. We computed the RMM
EOFs from National Oceanic and Atmospheric Administration daily mean outgoing longwave radiation
(Liebmann, 1996) and ERAI winds and projected these onto model output, to obtain RMM indices for each
CGCM. The PC time series are normalized, and MJO and non-MJO periods are identified as periods when
the RMM amplitude (A =

√
PC2

1 + PC2
2) is greater than or less than 1, respectively.

To determine if the improved MJO in the CGCM is responsible for the sharpened meridional moisture gra-
dient, we computed the average CWV difference for MJO and non-MJO periods in the CGCM and compared
it to the average CWV difference between the CGCM and AGCM. MJO and non-MJO CWV differences
were computed for each month (November–April) and then averaged across the entire season to account
for seasonal shifts in MJO amplitude that arose in some CGCMs. The results are shown in Figures 6a–6e.
Shading (CGCM MJO minus non-MJO) and contours (CGCM minus AGCM) are plotted using the same
contour interval to emphasize the relative magnitudes of the two differences. Except for CNRM, MJO minus
non-MJO CWV differences are much smaller than coupled minus uncoupled CWV differences. Pattern
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correlations between the two fields for Indian Ocean and western Pacific regions are listed in each panel.
Negative or small positive correlations for the Indian Ocean suggest that the MJO either weakly disperses
moisture away from the equator or has little net effect on the CWV distribution.

In the western Pacific, MJO minus non-MJO differences (shading) for ERAI and CNRM-CPL bear a strong
resemblance to El Niño conditions, which are known to influence MJO propagation (Pohl & Matthews, 2007;
DeMott et al., 2018). To remove El Niño–Southern Oscillation influences, we repeated the analysis with
100-day high-pass-filtered data (Figures 6f–6j), which reduces MJO minus non-MJO differences. Although
the western Pacific and Indian Ocean correlations increase for SPCAM3-CPL and CNRM-CPL, respectively,
the small magnitude of MJO minus non-MJO changes in these regions (<1 kg m−2) is likely insufficient to
explain the CGCM-minus-AGCM CWV differences. We therefore reject the hypothesis that the improved
MJO in the CGCMs causes enhanced equatorward moisture gradients.

5. How Do Ocean Feedbacks Rectify Onto Mean-State CWV?
5.1. Evaluation of Processes That Could Affect CWV Differences
Understanding how coupling leads to mean-state moisture changes in the four models is key to understand-
ing how coupling improves MJO propagation. While the models differ in physical parameterizations and
ocean models (Table 1), they uniformly exhibit sharpened meridional moisture gradients and improved MJO
propagation with coupling. This raises the question of whether the models arrive at their coupled mean
states through a common process or a unique process in each model.

We examined several processes that might be linked to the mean-state moisture differences. The processes,
and the models whose process change is correlated with the CWV change (shown in parentheses, plus any
relevant references) are enhanced Hadley circulation over the Warm Pool (SPCAM3-CPL and MetUM-CPL);
reduced vertical component of gross moist stability (ECHAM-CPL; Neelin et al., 1987; Benedict et al.,
2013); enhanced support of convection by surface latent heat fluxes (SPCAM3-CPL and CNRM-CPL;
Riley Dellaripa & Maloney, 2015; DeMott et al., 2016); and enhanced longwave radiative feedbacks (none;
Del Genio & Chen, 2015). These findings would support the “model-dependent pathway” paradigm for
mean-state CWV changes with coupling, but remain unsatisfying since they generally offer few insights into
how ocean feedbacks affect a given process.

5.2. Insights From Q2 Profiles for Understanding CWV Differences
A new method for analyzing the response of convection to coupling reveals a common process that may
explain the CGCM-minus-AGCM CWV differences. First, we constructed CGCM rainfall rate probability
distribution functions (PDFs) for warm and cold daily mean SSTA periods for the domain 15◦S to 15◦N
and 50–180◦E (Figure 7a; results for 20◦S to 20◦N and 30–240◦E are virtually identical). Nonrainy days are
excluded by estimating the minimum allowable rainfall rate (≈0.05 mm day−1) that yields a first-bin fre-
quency that matches an estimated first-bin frequency obtained by extrapolating the PDF curve from the
second-through-fourth bins. The warm-minus-cold PDF differences (Figure 7c) reveal model-dependent
changes to the PDFs: ERAI, SPCAM3-CPL, and CNRM-CPL shift toward heavier rainfall rates during warm
SSTA periods, while MetUM-CPL and ECHAM-CPL contract toward moderate rainfall rates. Rainfall rate
PDFs for CGCMs and AGCMs, and their intrabin differences, are shown for comparison in Figures 7b
and 7d, respectively. In general, CGCM-minus-AGCM PDF differences (Figure 7d) are smaller than the
warm-minus-cold SSTA differences (Figure 7c).

We next analyzed Yanai's “apparent moisture sink,” Q2 (e.g., subgrid-scale or unresolved moistening by
convection; Yanai et al., 1973) conditioned by rainfall rate and SSTA for ERAI and the models. The results,
plotted as −Q2∕Lv with units of g kg−1 day−1 so that positive values represent moistening, are shown in
Figure 8. November–April mean −Q2∕Lv profiles from the CGCMs (gray contours) demonstrate the broad
similarity of convective moistening characteristics for ERAI and all models: Convection (via parameterized
physics) moistens low levels and dries upper levels at low rainfall rates, while the opposite is observed at high
rainfall rates. The warm-minus-cold −Q2∕Lv difference profiles (shading in Figure 8; left column), however,
are not consistent across all models. We are especially interested in low-level convective moistening (i.e.,
below about 700 hPa) since MJO propagation via horizontal moisture advection is most sensitive to lower
tropospheric moisture patterns (e.g., Gonzalez & Jiang, 2017). For ERAI, SPCAM3-CPL, and CNRM-CPL,
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Figure 7. Probability distribution functions (PDFs) of (a) log10R for ERAI and CGCM warm (solid) and cold (dashed)
SST anomalies (SSTA) and (b) CGCM (solid) and AGCM (dashed) simulations. PDF differences for (c) ERAI and
CGCM warm-cold SSTA (Δf = 100 · (f+ − f−)∕f− where f is the fraction of observations per rainfall rate bin
and + and − subscripts refer to warm and cold SSTA, respectively) and (d) CGCM - AGCM simulations
((ΔfCPL−ATM = 100 · (fCPL − fATM)∕fATM where CPL and ATM subscripts refer to CGCM and AGCM simulations,
respectively). Data are drawn from ocean-only points from 15◦S–15S◦N and 50–180◦E. All distribution differences in
(c) and (d) were tested with a Kolmogorov-Smirnov test and are significant at the 95% confidence level.

low-level convective moistening above the atmospheric mixed layer (above 925 hPa) is enhanced for nearly
all rainfall rates during warm SSTA periods but is reduced for MetUM-CPL and ECHAM-CPL. This would
appear to reinforce the model-dependent pathway for CWV changes with coupling, but as we demonstrate
next, it is the combination of warm-minus-cold rain rate PDFs and warm-minus-cold −Q2∕Lv profiles that
explains the uniform increase in equatorial CWV in all four models.

The warm-minus-cold −Q2∕Lv differences (Figure 8; left column) weight equally the warm and cold SSTA
−Q2∕Lv averages at each rainfall rate bin. However, the distribution of rainfall rates for warm and cold SSTA
periods is unequal (Figure 7b). To understand how coupling affects convective moistening, we must account
for both differences, by multiplying the warm-minus-cold −Q2∕Lv difference profiles (Figure 8; left column)
by their respective intrabin rainfall rate PDF differences (Figure 7b); Figure 8 (center column) shows the
product. For ERAI, SPCAM3-CPL, and CNRM-CPL, more frequent heavy rainfall and less frequent light
rainfall during warm SSTA periods yields less low-level moistening at low rainfall rates and more low-level
moistening at high rainfall rates. In contrast, for MetUM-CPL and ECHAM-CPL, the reduced frequency
of heavy rainfall rates for warm SSTA reduces low-level drying during warm SSTA periods and increases
low-level moistening during cold SSTA periods. The net effect for all four models is an increase in low-level
convective moistening at high rainfall rates (i.e., R ≥ 5 mm day−1). Note that we would get the same result
had we instead analyzed cold-minus-warm SSTA differences. These results, therefore, summarize the net
effect of coupling, not simply the effect of warm SSTAs.

While the warm-minus-cold SSTA-weighted −Q2∕Lv differences (Figure 8; center column) illustrate the
essential effects of ocean coupled feedbacks on convective moistening, the results do not account for the
overall distribution of rainfall rates. The final step in the analysis is to multiply the warm-minus-cold
SSTA-weighted −Q2∕Lv differences (Figure 8; center column) by the normalized ERAI or CGCM rainfall
rate PDF (Figure 7c), where the PDF is normalized by its maximum value. This step reduces the magnitude
of −Q2∕Lv differences at very low and very high rainfall rates (Figure 8; right column) but otherwise does
not change the rainfall rates associated with the largest moistening differences. Figure 8 (center and right
columns) illustrates the rectification of ocean feedbacks onto moistening by parameterized physics.

DEMOTT ET AL. 11,921



Journal of Geophysical Research: Atmospheres 10.1029/2019JD031015

Figure 8. Average −Q2∕Lv vertical profiles binned by rainfall rate (solid) and left) the −Q2∕Lv difference for warm-minus-cold SSTA (shading; −ΔQ2∕Lv);
center) −ΔQ2∕Lv (left column) multiplied by Δf (Figure 7c); and right) Δf · (−ΔQ2∕Lv) (center column) multiplied by the normalized fCPL (Figure 7b), fN .
Warm-minus-cold −ΔQ2∕Lv differences in center and right columns are plotted only where statistically significant at the 95% confidence interval. Magenta
boxes in right column highlight moistening at R > 5 mm day−1 and below 600 hPa. Data are drawn from same domain as in Figure 7.
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Figure 9. November–April frequency of left) R ≥ 5 mm day−1; center) warm-minus-cold SSTA frequencies of R ≥ 5 mm day−1; and right)
CGCM-minus-AGCM frequencies of R ≥ 5 mm day−1. The coupled minus uncoupled CWV difference (spatially smoothed) is contoured (interval is 1 kg m−2;
negative values are dashed, and zero contour is omitted). In center and right columns, frequency differences are plotted only where rainfall distributions are
statistically significant at the 95% confidence interval, as determined by a Kolmogorov-Smirnov test.

5.3. The Relationship Between SST- and Rainfall Rate-Conditioned −Q2∕Lv and Mean-State CWV
Differences

The above suggests two criteria for coupled feedbacks to enhance local low-level convective moistening:
(a) the region should be dominated by rainfall rates greater than about 5 mm day−1; (b) these heavy rain-
fall rate regions should exhibit more frequent SSTAs whose sign (positive or negative) is consistent with
enhanced low-level moistening for that model.

To assess whether the above criteria apply to these models, we plot maps of the frequency of R > 5 mm day−1

for each CGCM (left column of Figure 9). The frequency of R > 5 mm day−1 maximizes near the equator,
satisfying the first criterion for enhanced low-level moistening by unresolved convective processes. Whether
these regions experience enhanced or reduced moistening, however, depends on whether they are domi-
nated by warm SSTAs (SPCAM3-CPL and CNRM-CPL) or cold SSTAs (MetUM-CPL and ECHAM-CPL).
Maps of the frequency difference for warm and cold SSTAs during heavy rain condition (center column of
Figure 9) show that for SPCAM3-CPL and CNRM-CPL, the heavy rain-dominated regions are dominated
by warm SSTAs, consistent with enhanced low-level moistening by convection. Although the regions of fre-
quent heavy rainfall and frequent warm SSTA do not everywhere agree with CWV differences, this analysis
does not consider circulation effects on CWV that may modulate the overall CWV distribution. Nevertheless,
the spatial distribution of the frequency of heavy rainfall and warm SSTAs suggests that changes in low-level
convective moistening are responsible for the changes in CWV between CGCM and AGCM simulations
for these two models. For MetUM-CPL and ECHAM-CPL, the frequent heavy rain regions are dominated
by cold SSTAs, which is consistent with the enhanced equatorial low-level moistening and CWV changes
for these two models. Daily SST variability is generally large in the regions of frequent heavy rainfall (e.g.,
DeMott et al., 2016), which may also help localize the ocean-to-convective moistening feedback.

The imprint of coupled feedbacks on convective moistening is considered for CGCM-minus-AGCM CWV
differences. The difference in heavy rain frequency between CGCMs and AGCMs (right column of Figure 9)
and CWV differences are well correlated (r ≥ 0.7 for the plotted domain). The close relationship between
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tropical rainfall and CWV is well known (e.g., Bretherton et al., 2005; Thayer-Calder & Randall, 2009; Neena
et al., 2014), but it can be difficult to infer if convection is responsible for CWV patterns or vice versa: Convec-
tion that results in moderate-to-high rainfall rates moistens the atmosphere, but a moist atmosphere favors
development of more intense convection. Our analysis, however, suggests that the response of convection
to ocean feedbacks plays a role in shaping the coupled minus uncoupled CWV differences.

6. Synthesis and Discussion
We have demonstrated that the common factor for improved MJO simulation skill with coupling is the
sharper equatorward moisture gradients across the Warm Pool, which enhances tropospheric moistening
by meridional moisture advection east of MJO convection. The sharper moisture gradients in CGCMs arise
from coupled feedbacks that enhance low-level convective moistening for rainfall rates greater than about
5 mm day−1; this enhancement is most frequently observed near the equator. Next, we consider how atmo-
spheric and oceanic model physics jointly regulate tropospheric moistening, and whether these interactions
are consistent with those inferred from observation-based estimates.

6.1. Ocean Feedbacks and Convective Activity
We first consider interactions among the ocean, convection, and free tropospheric moisture in MetUM-CPL
and ECHAM-CPL. The cumulus parameterization in each model employs a convective available potential
energy (CAPE)-based closure assumption: When temperature and moisture perturbations near the surface
and aloft generate positive CAPE, convection is initiated to consume CAPE and maintain a neutrally sta-
ble environment. Because of weak tropical temperature gradients, CAPE in the tropics is highly sensitive
to surface temperature perturbations (Williams, 1994). Rules for convective initiation may also play role.
For example, in MetUM, convection is initiated when the temperature profile at the lifted condensation
level becomes unstable, regardless of conditions aloft. In MetUM-CPL and ECHAM-CPL, compared to cold
SSTAs, warm SSTAs generate larger CAPE, requiring more or stronger convection to neutralize the insta-
bility. We hypothesize that this increased “demand” for deep convection above warm SSTAs is the cause for
relatively stronger upper-level moistening and weaker low-level moistening for warm SSTAs at all rainfall
rates.

MetUM-CPL and ECHAM-CPL are both coupled to 1-D ocean mixed layer models with fine vertical resolu-
tion (≈1 m in the upper 10 m) and subdaily coupling designed to represent the large SST diurnal cycle during
suppressed conditions (e.g., Kawai & Wada, 2007). The SST diurnal cycle rectifies onto subseasonal scales
(Bernie et al., 2005; Shinoda, 2005), so that the Warm Pool daily SSTA distributions in MetUM-CPL and
ECHAM-CPL are positively skewed (Figure 10). The transition from convectively suppressed to disturbed
conditions in MetUM-CPL and ECHAM-CPL would coincide with rapid SST warming in response to strong
surface heating, reduced evaporative cooling (from reduced wind speed), and ocean mixed layer shoaling
(Figure 11). The rapid SST warming would quickly generate CAPE and initiate convection, even though the
mid-troposphere is typically too dry to support deep convective moistening at these rainfall rates (Kim et al.,
2009; Thayer-Calder & Randall, 2009). As large-scale circulations moisten midlevels via moisture advection,
increasing MJO-associated surface wind anomalies and, potentially, convectively driven wind gusts will cool
the upper ocean, so that by the time convection has organized into a large-scale system with heavy rainfall,
SSTs will have cooled. In these cold SSTA conditions, plumes originating from the boundary layer will be
less buoyant and detrain moisture at lower levels than their warm SSTA counterparts, thereby enhancing
low-level moisture.

SPCAM3-CPL and CNRM-CPL differ from MetUM-CPL and ECHAM-CPL in that neither employ
CAPE-based closure assumptions in their cumulus parameterizations, and both are coupled to 3-D ocean
models with coarse (≈10 m) upper-ocean vertical resolution. Convection in SPCAM3-CPL is explicitly sim-
ulated with a continuously running two-dimensional cloud-permitting model embedded in each GCM grid
column. The convection scheme in CNRM-CPL employs a moisture-convergence closure assumption. These
treatments may reduce the sensitivity of convective initiation to SST perturbations, allowing CAPE to build
up before convection is initiated, thus favoring the shift toward higher rainfall rates during warm SSTA peri-
ods (Figure 7c). It is also possible that the coarse upper-ocean vertical resolution in these models yields a
smaller SST tendency than that in MetUM-CPL or ECHAM-CPL. This reduced warming rate could subtly
shift the phasing of maximum SST with respect to convection so that it more closely aligns with heavier
rainfall rates.
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Figure 10. SSTA skewness, defined as the third moment of the SSTA distributrion, for CGCMs.

6.2. Coupled Feedbacks to the Convection-Column Humidity Relationship
The above discussion implicitly invokes our understanding that rainfall intensity is regulated by the mixing
of cloud and environmental properties through detrainment and entrainment (e.g., de Rooy et al., 2012).
Because bulk mixing rates for these processes are difficult to measure, in GCMs they are often tuned to
achieve realistic cloud-top height distributions, temperature and humidity profiles, or rainfall climatology.
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Figure 11. (a) Mean SST as a function of rainfall rate for CGCMs and
(b) mean SST differences for CGCMs minus AGCMs (dots indicate
differences are significant at the 95% confidence interval.

While knowledge of entrainment processes in a GCM can help diagnose
the spectrum of convective variability (DeMott et al., 2007; Thayer-Calder
& Randall, 2009; Klingaman & Woolnough, 2014), other factors, such as
stability, moisture advection, and the interactions of cloud microphysical
properties with convective heating, also regulate the sensitivity of rainfall
intensity to column humidity (e.g., Klingaman et al., 2015).

To better understand the net effect of these interactions, we examined
how rainfall rate depends on the CWV saturation fraction (Bretherton
et al., 2004; Neelin et al., 2009) in each GCM. In the tropics, the frequency
of heavy rainfall increases nonlinearly with the column saturation frac-
tion, defined as the ratio of CWV to saturation CWV. CGCM joint PDFs of
CWV fraction and rainfall rate are plotted with contours in Figure 12. The
“precipitation uptick” (i.e., where rainfall rate increases rapidly as a func-
tion of CWV fraction) in SPCAM3-CPL, MetUM-CPL, and ECHAM-CPL
occurs near the 0.8 CWV fraction, consistent with analysis of observations
(Bretherton et al., 2004; Neelin et al., 2009). For CNRM-CPL, the uptick is
delayed until 0.95 CWV fraction, suggesting that deep convection in that
model is overly sensitive to column moisture.

The effect of coupling on the convection-column humidity relationship
is shown by plotting the joint PDF difference for warm and cold SSTA
periods (shading in the left column of Figure 12). Compared to cold SSTA
PDFs, warm SSTA PDFs in SPCAM3-CPL and CNRM-CPL are shifted
toward lower saturation fractions, suggesting a reduced critical saturation

fraction for heavy rainfall for warm SSTA periods. In MetUM-CPL and ECHAM-CPL, the warm SSTA PDFs
shift toward lower saturation fractions at light rainfall rates but also shift away from heavy rainfall rates
for most saturation fraction bins (consistent with the rainfall rate PDF difference shown in Figure 7c). This
suggests that convection initiation in MetUM-CPL and ECHAM-CPL may be overly sensitive to SSTAs,
while rainfall intensity remains sensitive to saturation fraction as seen in the reduced occurrence of high
rainfall rates for warm SSTA periods. This is consistent with our argument that convection initiates too
readily (i.e., in a too dry environment) with warm SSTAs in these models, and the convective plumes quickly
lose buoyancy as they entrain dry environmental air.

The PDF differences for coupled minus uncoupled simulations (Figure 12; right column) are difficult to
interpret. At a minimum, they illustrate that the net effects of coupled feedbacks on the convection-column
humidity relationship are highly model dependent. This sensitivity is likely rooted in large-scale circulation
changes or other feedbacks beyond those directly related to coupling.

6.3. The Role of Surface Fluxes
The atmosphere senses SST perturbations through their effects on surface fluxes. These fluxes are sources
of atmospheric boundary layer buoyancy, which regulates the depth of convective plumes originating from
the boundary layer. Although the latent heat flux is an order of magnitude larger than the sensible heat flux,
its contribution to boundary layer buoyancy (via the effect on water vapor density) is roughly comparable
to that of the sensible heat flux. For a given wind speed, the latent heat flux is primarily governed by the
specific humidity of near-surface air, while the sensible heat flux is more sensitive to the SST (DeMott et al.,
2014; Yokoi et al., 2014). From the perspective of boundary layer buoyancy budgets, SST perturbations are
more directly communicated to the atmosphere through the sensible heat flux (e.g., Yang, 2018). Both fluxes
contribute to the vertical ascent of convective plumes through converting boundary layer available potential
energy to kinetic energy. Once the plumes reach their lifted condensation level, the release of energy by
condensation of oceanic water vapor increases plume buoyancy. Both the boundary layer buoyancy and the
latent heat release from the condensation of previously evaporated surface water will be greater for plumes
originating over warm SSTAs than over cold SSTAs. Warm SSTA plumes will rise farther, and detrain their
moisture higher, than cold SSTA plumes.

DeMott et al. (2016) and Gao et al. (2018) found that observed tropical intraseasonal SST perturbations to
surface fluxes directly contribute up to 1–2% of ⟨m⟩ and 10–20% of 𝜕⟨m⟩

𝜕t
across the Warm Pool. Our findings

herein that coupled surface fluxes increase the efficiency of convective moistening at high rainfall rates
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Figure 12. November–April joint PDFs of daily column saturation fraction and daily mean rainfall rate for CGCMs
(contours; see text for definition) and (left) the joint PDF difference for warm-minus-cold SSTA periods (shading) and
(right) the joint PDF difference for CGCM-minus-AGCM simulations (shading). Ocean-only data are compiled over the
Warm Pool (20◦S to 20◦N; 30–240◦E).

and that this more efficient moistening occurs near the equator, offer a process-level perspective of the SST
direct effects reported in DeMott et al. (2016) and Gao et al. (2018). The more important feedback for MJO
propagation, however, is the indirect effect of SST perturbations on MJO propagation through its regulation
of the mean-state moisture distribution.

Another point worth discussing is the role of low-level moistening from vertical moisture advection driven
by boundary layer convergence. Our results clearly demonstrate that equatorial boundary layer moisture
export does not uniformly increase with coupling. The decrease in boundary layer moisture pumping with
coupling seen in MetUM-CPL and ECHAM-CPL may be linked to the rapid decline in SSTA with heavy
rainfall in those models (Figure 11b), which could limit warm SST contributions to boundary layer con-
vergence during convective buildup periods. For ECHAM-CPL, the “flattening” (vs. sharpening) of the
meridional moisture gradient in the western Pacific (Figure 1k), and subsequent reduction of meridional
moisture advection, may compound the issue. SPCAM3-CPL and CNRM-CPL exhibit coupled moistening
characteristics more similar to those observed in ERAI, and they each exhibit increases in boundary layer
moisture export with coupling. This provides a modicum of support for the idea that increased boundary
layer moisture export is one reason that MJO propagation improves with coupling, but this topic requires
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further investigation using observations and coupled reanalyses. Applying the methods developed herein to
a larger collection of models with various ocean model configurations could help clarify this issue.

6.4. Ocean Coupling-Mean-State Feedbacks in Models and ERAI
The final point to consider is whether the ocean feedbacks to convective moistening and mean-state mois-
ture patterns in models are consistent with those in observations. We address this point by revisiting Figure 8.
Warm-minus-cold SSTA −Q2∕Lv profiles for SPCAM3-CPL and CNRM-CPL are most similar to those for
ERAI (left column) and also exhibit larger SSTA-weighted low-level moistening and drying differences (cen-
ter and right columns). Low-level moistening differences in MetUM-CPL and ECHAM-CPL are even larger.
Are the larger coupled feedbacks in models an indication that ocean coupling acts a crutch for MJO simla-
tion? The muted coupled feedback signature in ERAI in the right column of Figure 8 is largely a consequence
of the rarity of high rainfall rates diagnosed by ERAI, which, as previously discussed, may be underestimated.
Another consideration is that ERAI is an uncoupled data assimilation product, and not an observational
product. While −Q2∕Lv can be estimated from oceanic in situ observations collected with triangular or rect-
angular sounding arrays, these arrays are usually only available during relatively short field campaigns and
do not collect enough samples to allow subsetting of −Q2∕Lv by rainfall rate and SSTA. Repeating this anal-
ysis with other reanalysis products would help characterize the sensitivity of SSTA-conditioned −Q2∕Lv to
the assimilating model.

7. Summary and Conclusions
The role of intraseasonal SST perturbations for MJO eastward propagation was studied with 20- to 25-year
coupled and uncoupled simulations of four different GCMs. Monthly mean SST from each coupled model
was prescribed to its respective uncoupled simulation to ensure identical SST mean-state and low-frequency
variability for each coupled-uncoupled simulation pair. As expected, coupling improved MJO eastward
propagation beyond the Maritime Continent in all four models, demonstrating the nonnegligible role of sub-
monthly SST perturbations for MJO simulation fidelity. The challenge for understanding this result requires
reconciling the following: SST perturbations are communicated to the atmosphere through their effects on
surface fluxes, yet surface fluxes play only a minor role in the maintenance and propagation of MJO con-
vection. As in observations, MSE budget analyses of the simulated MJO reveal that, to a first order, MJO
maintenance and propagation in all eight simulations are maintained by longwave radiative heating and
horizontal moisture advection, respectively.

Further analysis revealed that, despite the identical SST climatology in each coupled and uncoupled simu-
lation pair, coupling improves MJO simulation by uniformly sharpening mean-state zonal and meridional
moisture gradients to enhance advection of the mean-state moisture by the anomalous wind. Improved MJO
fidelity in the coupled simulations is uniformly the result of sharper meridional moisture gradients driven
by enhanced equatorial CWV (or relatively small CWV reduction on the equator, as in SPCAM3-CPL). The
sharper CWV equatorward gradient yields enhanced moistening by poleward flow east of MJO convection
and extended eastward propagation of MJO convection compared to uncoupled simulations.

Daily mean CWV averaged over all eight phases of the Wheeler-Hendon MJO RMM index (Wheeler &
Hendon, 2004) during MJO active periods (i.e., RMM amplitude > 1) confirms that the MJO does not
sharpen meridional CWV gradients. Mechanisms that might explain the sharper meridional gradients in
the CGCMs, such as enhanced Warm Pool Hadley circulation or surface flux feedbacks to equatorial con-
vection, are not uniformly observed across models. Instead, SST perturbations in coupled simulations yield
different rainfall rate PDFs during warm and cold SSTA periods whose net effect is enhanced low-level
convective moistening at high rainfall rates. The intersection of regions dominated by moderately high
rainfall rates (R > 5 mm day−1) and SST anomaly patterns that favor enhanced low-level moistening in
each model is found near the equator. Hence, the sharper moisture gradients that facilitate MJO propaga-
tion in coupled simulations are a consequence of oceanic regulation of low-level moistening by unresolved
convective processes.

The changes in low-level moistening with ocean feedbacks are sensitive to parameterized processes that
regulate convective initiation and entrainment of environmental air. In our study, the CAPE-based closure
schemes in MetUM-CPL and ECHAM-CPL yield reduced low-level moistening (i.e., relative drying) dur-
ing warm SSTA periods at all rainfall rates. In contrast, superparameterized convection in SPCAM3-CPL
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and the moisture-convergence closure assumption in the CRNM-CPL convective parameterization yield
enhanced low-level moistening for all rainfall rates during warm SSTA periods, which is consistent with the
results from ERAI. These differences illustrate the dependence of GCM mean-state moisture distributions
on parameterized physics that lift water vapor from the ocean surface and moisten the free troposphere
(Randall & Beyond deadlock, 2013).

We began this study to understand how SST-modulated surface fluxes improve MJO simulation. We learned
that coupling improves MJO propagation by sharpening meridional moisture gradients across the Warm
Pool, thereby enhancing column moistening by meridional moisture advection east of MJO heating. In an
effort to understand why coupling changes the mean-state moisture, we composited Warm Pool −Q2∕Lv
profiles conditioned by rainfall rate and SSTA. This yielded unexpected new insights into how param-
eterized convection and upper-ocean heating together influence tropical mean-state moisture patterns.
This framework is potentially useful for understanding a broader array of observed phenomena, such as
large-scale convective aggregation and two-way feedbacks between convection and SST perturbations on
interannual-to-decadal scales. It could also be leveraged as a process-oriented diagnostic to assess the fidelity
of simulated ocean-atmosphere or land-atmosphere interactions in a hierarchy of model configurations and
to study causes of persistent model biases, such as the poor representation of tropical convectively coupled
equatorial waves, SST mean-state cold biases, or the double Intertropical Convergence Zone.
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